A numerical comparative analysis is carried out on heat transfer performance of laminar fluid flow of water/Al2O3 nanofluid in straight, spiral and helical tubes with various cross sections. Circular, triangular, rectangular and square cross-section in an identical length are considered as geometrical variables. Nanoparticles of Al2O3 added into the water (as base fluid) with volume fractions of 0.1-0.7 and it was flowed through different types of tubes, for different Reynolds number. Governing equations on fluid flow were solved based on finite element method. Results show, adding nanoparticles improves heat transfer as well as pressure drop. Among all types of tubes, helical-shaped tube has higher amount of heat transfer and pressure drop compared to spiral and straight. In a specific geometry at constant volume fraction and Re, highest heat transfer and pressure drop is related to the tube with rectangular cross-section. In all volume fractions and sections, average heat transfer coefficient in helical tube is higher than spiral and straight. Although helical tube has better heat transfer performance compared to spiral and straight, pressure drop between outlet and inlet in helical is higher than spiral and straight tubes. As a result, amount of FOM, the ratio of heat transfer to pressure drop, for helical geometry is lower than spiral and straight.
INTRODUCTION
Increment of heat transfer rate in tubes is one of the issues intensively considered by researchers recently. Various techniques are applied to increase heat transfer rate that can be classified in two frameworks; active and passive methods. Existence of external force is the outstanding feature of active method. Changing of geometry and fluid thermo-physical properties by adding additives to the base fluid are examples of passive methods [1] . Tube material, type of fluid flow, geometry type, type (shape) of section, fluid velocity and characteristics of working fluid are some of dominant parameters on enhancement of heat transfer. Spiral tubes are one of geometrical methods used in 19th century for the first time because of high thermal efficiency, compact structure and easy fabrication in various industries, especially chemical reactors, power plants and rocket engine, heat exchangers and metal piping in oil and gas industries. And also helically coiled tubes are extensively used in steam generators and heat transfer equipment in chemical plants, refrigeration systems, marine propulsion and integral layout nuclear reactors [2] . Study of fluid flow in the spiral pipe is such primary researches in this field [3, 4] that predicts formation of secondary flow while Dean number exceeds critical limit. Recently, study of heat transfer performance and entropy generation with simulation of laminar flow in spiral tube with different cross sections was done by Jondicka [5] . Exergetic and energetic analyses were done for square, ellipse and circle sections. The result of exergy analysis shows, entropy generation in straight tubes is more than spiral tubes. So, from viewpoint of exergy analyses, efficiency of spiral pipe is more than straight pipes. Ardekani et al. [6, 7] experimental study on heat transfer enhancement of nanofluid flow through helical tubes. The results show that using nanoparticles in coiled tubes can be more effective in improving the heat transfer rate than the straight tube. Ciofalou [8] numerically investigated the effect of gravitational and centrifugal buoyancy in laminar flow and also heat transfer in helical and annular tubes. Results indicate, when the amounts of gravitational and centrifugal buoyancy are positive, the value of friction factor and Nu in helical tubes is lowest. Also, when both of gravitational and centrifugal buoyancy have negative values, friction factor and Nu will have maximum amount. In the annular tubes, both the friction factor and Nu are reduced with increasing intensity of centrifugal buoyancy while gravitational buoyancy has not significant effect. The effect of secondary flow on heat transfer in curved (bent) tubes was numerically studied by Nobari and Amani [9] . According to the results, in the input area of tube, maximum velocity moves from center of curved tube towards outer wall, due to the effects of centrifugal force. Pan et al. [10] numerically studied the heat transfer and pressure drop for oscillating flow in helical rectangular channel heat exchanger.
The results indicate that helical rectangular channel heat exchanger has a better performance operating at high frequency and high velocity. Hardick [11] researched on local heat transfer coefficient in a coiled tube with water flow. He proposed average Nu correlation for the entire pipe and also peripheral average local Nu. Kim et al [12] investigated on developing flow in helical tube and presented a new correlation for different angels of fully developed flow. Naphon [13] studied the effect of curvature rate of horizontal spiral tubes on the heat transfer rate and also flow development. Results show, although curvature plays great role on heat transfer rate, it increases pressure drop in tubes. Thus, amount of heat transfer and pressure drop in spiral tubes are greater than straight tubes. Sasmito [14] carried out numerical study to find out heat transfer performance of flat spiral tube with different cross sections (circular, square, rectangular, triangular, circular, trapezoidal and semi-circular). In this study, cross section and input Re were considered at constant value. Constant heat flux and the constant wall temperature were assumed as boundary conditions. Among the results obtained, rectangular and triangular sections have better heat transfer performance compare to others. But in general, flat spiral tubes have the lower ratio of heat transfer to pressure drop. Because it needs more pumping power to compensate pressure drop. Jondicka [15] investigated on the heat transfer performance of non-Newtonian laminar fluid flow through spiral tubes considering the different modes. The aqueous solution of carboxy-metal-cellulose (CMC) is used as non-Newtonian fluid for study. The effect of geometry and the concentration of CMC were examined and obtained results were compared with results of straight pipes. Results revealed that, the aqueous solution has much better (nearly 2 times) heat transfer performance than water fluid at Re =1000. Among all types of tubes, helical tube has the best heat transfer performance. Also, numerical investigations were performed for non-circular cross-sections of the spiral tubes by And, the thermodynamic properties and the effect of adding nanoparticles to the base fluid was examined. Fluids with lower thermal conductivity, like water, oil and ethylene-glycol, are applied in heat transfer purposes. Adding solid particles with high thermal conductivity into these fluids is one of ways to increase thermal conductivity [19] . Despite of high thermal conductivity, poor stability of the particles, channel congestion and high-pressure drop are the disadvantages of using nanoparticles [20] . Among particles with different dimensions, the use of nano-sized particles is more appropriate, because of their high thermal conductivity, low pressure drop and better stability. Fluids containing suspended nanoparticles are known as nanofluid [21] . Numerical studies on nanofluid are done through two methods: single-phase fluid method and two-phase fluid method. In the first approach (single-phase), continuity assumption for fluids containing suspended particles still remains valid. While, in the second approach, two-phase method is used for description of solid phase and fluid phase. In recent years, many numerical and experimental researches have been carried out in the field of nanofluid flow in tubes. Rahman et al. [22] studied the forced convective heat transfer on Al2O3-Cu/water hybrid nanofluid by numerical simulation. It was also found that the heat transfer coefficient increases as the volume concentration of the hybrid nanoparticle increases in base fluids and the Reynolds number. Xuan and Li [23] investigated the effect of adding nanoparticles on heat transfer enhancement. It was discovered that nanofluid has high potential to increase heat transfer rate. Rahman et al. [24] investigated numerically the thermal fluid dynamics of Al2O3-Cu/water hybrid nanofluid in inclined lid driven cavity. It was found that the inclination angle affected the flow and heat transfer of the Al2O3-Cu/water hybrid nanofluid in cavity. Maiga et al. [25] investigated forced convective heat transfer of water-Al2O3 and ethylene glycol-Al2O3 flow in uniformly heated tube. The results proved, heat transfer is increased with increased volume fraction and increment of heat transfer in ethylene glycol-Al2O3 is more than water-Al2O3. Magnetic force and radiation influences on nanofluid transportation through a permeable media considering Al2O3 nanoparticles was simulated numerically by Sheikholeslami et al. [26] . The results show that convection decreases with augment of magnetic forces. Huminic, G. and Huminic A. [27] studied on the nanofluid heat transfer in double pipe helical heat exchangers. They found that, increasing of fluid flow rate and dean number, increases water and nanofluid heat transfer coefficient. Effects of Ag-water nanofluid on hydrodynamics and thermal behaviors of three-dimensional separated step flow was investigated numerically by Atashafrooz et al. [28] . Results show that the volume fraction of nanoparticles has a greater influence on the temperature distributions than velocity distributions. Heat transfer of nanofluid flow in helical tubes with constant heat flux was studied by Mirfendereski et al. [29] Results demonstrated that, in helical pipes with increment of curvature, augmentation of heat transfer and pressure drop when nanofluid is applied is more than a typical fluid (without any additive). Akbaridoust et al. [30] experimentally and numerically focused on pressure drop and convective heat transfer of nanofluid flow in helical tubes with assumption of constant wall temperature. Also, Naphon [31] examined the characteristics of nanofluid heat transfer in the horizontal spiral pipe. Curvature effect, nanofluid density and hot fluid temperature are parameters which were considered in study of nanofluid heat transfer performance and pressure drop. Results revealed that, Nu and friction factor for different densities of nanofluid are greater than water. Nassan et al. [32] compared heat transfer characteristics of water-Al2O3 and water-CuO with each other considering laminar flow and tube with square cross section. Results confirmed that, utilization of nanofluid enhances heat transfer and amount of enhancement (In the square tubes) in water-CuO is greater than water. Hassani et al.
[33] investigated the nanofluid Al2O3/Water in elliptical tube equipped with twisted tape. The obtained results show that simultaneous use of twisted tape with nanofluid had a better influence on heat transfer enhancement and thermal efficiency compared to the single usage of nanofluid or twisted tape, separately. Heris et al. [34] carried out experimental tests to find out convective heat transfer of laminar flow of water-Al2O3 in the square tubes. The results show that, in the volume fraction of 2.5% the amount of heat transfer is increased about 27.6% compared with base fluid.
According to previous studies, no study has been done in which the effect of tube geometry, type of tube cross-section and adding additives simultaneously has been checked and compared. In this paper, numerical calculations are performed to find out heat transfer performance and pressure drop in helical, spiral and straight tubes with circular, triangular, square and rectangular cross-sections. All tubes have identical length and constant wall temperature. In this study, different Reynolds numbers are considered for water-Al2O3 with various volume fractions.
Due to velocity gradient caused by the centrifugal force, velocity in outer wall is greater than inner wall in helical and spiral tubes. Accordingly, pressure in outer wall is lower than inner wall and creates a secondary flow. A flow passes across of mainstream from inside of curvature towards outside. Interference of these two streams with each other induces disturbance in fluid structure and subsequently increases heat transfer.
GOVERNING EQUATIONS
In present research, water fluid flow containing Al2O3 particles with different volume fractions passed through helical, spiral and straight tubes. Circular, triangular, square and rectangular are various types of cross-sections which have been selected for study. For all of cases and geometries constant wall temperature condition (323.15 k) and identical tube length (1.2 m) has been considered. Figure 1 shows different cross-sections of helical, spiral and straight geometries that have been investigated. Figure 2 illustrates tube geometries for a specified section and geometrical characteristics of tube are provided in the Table 1 . 
The basic equations of mass conservation, momentum and energy with regardless of viscous and buoyancy dissipations are represented as follows:
Theses equations are described based on Cartesian coordinates system and considering the 3D Newtonian laminar flow with constant thermal and transitive properties. where in:
where, indicates nanofluid density, u, v and w denotes fluid velocity at x, y and z direction, respectively. The pressure and nanofluid kinematic viscosity is shown with p and respectively. Shows fluid specific heat capacity and is nanofluid thermal conductivity. T represents temperature and is nanofluid thermal diffusivity. As mentioned in the preceding section, two methods can be applied in the study of fluids containing nanoparticles. In this study, single-phase method is used. Characteristics of nanofluid can be obtained from following equations [23] :
where, in ∅ indicates nanofluid volume fraction and indices of nf, f and p show nanofluid, base fluid and nanoparticle respectively. Dynamic viscosity is estimated from Brink-man relation [35] :
Effective coefficient of fluid heat transfer conductivity is calculated from Maxwell-Garnett model [36] :
Properties of pure water and Al2O3 are represented in Table  2 . Q̇t otal is total heat rate and FOM is ratio of heat transfer to pressure drop, are calculated from the following relations:
where, T mean,i shows inlet average temperature of the mixture and T mean,l is the average temperature of the mixture along the L. Also, F_merit is defined as bellow:
Boundary conditions
At the inlet section of pipe, the flow is hydrodynamically developed. Also, at each cross-section according to Re values (Re=100, 200,300,400) volumetric flow rate is constant. And inlet temperature has been kept constant for all cases.
Gauge pressure and temperature gradient has been considered zero at the outlet:
where, n is the normal vector.
No-slip condition and constant wall temperature was assumed for all walls.
Wall: = 0, =
Its related values are provided in Table 3 . 
NUMERICAL CALCULATIONS
In this paper, for solving the conservation equation with appropriate boundary conditions and to calculate values of u, v, w, p and T, commercial software with finite element method has been used. Grid independency for all geometries was checked as shown in Figure 3 both tetrahedron and hexahedron meshes are used and depending on the geometry type, appropriate mesh number in the range of 300000 to 380000 is selected. The equations have been solved by a computer with quad-core processor and 12-GB of ram. Convergence and solution time for each section with an independent grid system is about 12, 13 and 11 hours for spiral, straight and helical, respectively.
Figure 3. Schematics of computational domain

Model validation
To ensure the accuracy of the results, pure water (∅=0%) pressure drop and heat transfer has been compared with theoretical relations. Straight tube with circular, triangular, square and rectangular sections was considered in this validation. In Figure 5a , theoretical pressure drop (according Eq. 16) is compared with numerical pressure drop. As seen, there is a good agreement between the numerical and theoretical results, and the amount of deviation is between 1% and 12%. 
where, D H is hydraulic diameter and can be calculated as below:
Numerical average Nu is expressed as bellow:
And
where, ṁ indicates mass flow rate and P represents periphery of tube section. T in , T O and T W are inlet temperature, outlet temperature and wall temperature, respectively. In this study, temperatures are calculated based on T mean which is mean temperature of mixture.
where, A c gives the area of tube cross-section, V is mean velocity and both are defined as bellow: In Figure 4b , changes of theoretical and numerical average Nu are presented based on Nu and compared with each other. According to the results, satisfying conformity is observed between numerical and theoretical data so that minimum and maximum deviation is about 2% and 14%, respectively.
RESULTS AND DISCUSSIONS
Heat transfer performance and pressure drop for helical, spiral and straight tubes has been investigated in this paper. Generally, incompressible laminar flow numerically simulated for nanofluid of water-Al2O3 with 0%, 1%, 3%, 5% and 7% volume fractions. Also, aforementioned states were considered at different Re as well as circular, triangular, square and rectangular sections. Noting that several states are considered, performance of helical, spiral and straight tubes can be compared with each other at a specific cross-section. Or, heat transfer performance of different cross-sections of a determined geometry (like helical) can be compared with each other. In general, this study enables us to determine the most optimal mode among all geometries with different sections. Indeed, at the optimum condition heat transfer performance is high and pressure drop is low.
Assessments show the importance of centrifugal force which increases pressure gradient at the cross-sectional part of curved tubes. Due to velocity gradient between inner and outer wall, the phenomenon of secondary flow is created to balance momentum transfer near the wall and to compensate centrifugal force caused by the curvature.
Temperature distribution for different section types of helical tube is shown in Figure 5 , at section with a distance of 12 cm from the entrance (where ∅=0%). As previously noted, secondary flow (at different types of sections) effects on temperature distribution asymmetry that is clearly illustrated in Figure 5 .
Velocity profile has been shown for helical tubes with pure water in Figure 6 . Flow in curved tubes is under effect of centrifugal force, pressure and viscosity. Pressure gradient caused by tube curvature, creates secondary flow perpendicular to the main flow. Direction of centrifugal force is toward outer wall of curvature, while the direction of pressure force is toward inner wall of curvature. Hence these two forces balance each other. Centrifugal force is proportionate to the square of velocity, therefore according to no slip boundary condition at walls, intensity of centrifugal force is decreased near the walls. Due to the curvature of tube and creation of secondary flow, velocity distribution is not symmetric at cross-sections and its intensity at outer wall is greater than inner wall. With increasing radios of curvature, magnitude of centrifugal force is decreased and accordingly pressure force is increased. Thereupon, at near of walls pressure gradient dominates on the flow and boundary layer formation is from outer side of curvature towards inner side. Whereas, at the central section of tube this phenomenon is vice versa and centrifugal force is dominant factor and its direction is from inner side of curvature towards outer side. Two pairs of vortices are formed due to the interaction of two currents in opposite directions. The lager pair is formed near outer wall and smaller pair near the inner wall. Moreover, centrifugal force pushes maximum axial velocity towards outer wall. Further information about the effect of various parameters of helical tubes on fluid flow can be obtained at [38] . As can be seen, the effects of nanofluids high coefficient of heat conduction are obvious. So that, reaching length of fluid temperature to the wall temperature is decreased, with adding nanoparticles into the water. Indeed, volume fraction of 7% has minimum length that temperature of fluid approaches wall temperature in all of spiral, helical and straight tubes. According to Figure 7 , at the end of the tube closest fluid temperature to the wall temperature is in the helical geometry. Therefore, helical geometry has better heat transfer performance compared to spiral geometry. Also, spiral geometry has better heat transfer compared to straight geometry. The reason of this phenomenon is the existence of secondary flow in the spiral-shaped geometries. Nanofluid temperature distribution is seen in Figure 8 based on following considerations: Volume fraction of 3%, Re=200 and also straight, helical and spiral geometries whit different crosssections are considered parameters.
As the results shows, for all three geometries, tube with rectangular and square cross-section has the best and the worst performance, respectively. Accordingly, rectangular cross section has higher temperature than other types of sections at the end of pipe.
Study of pressure drop, heat transfer rate and FOM at different Reynolds numbers
Changes in pressure drop of each section are shown in Figure 9 , for different Re. Based on the results, adding nanoparticles into the base fluid increase fluid viscosity and subsequently increases pressure drop in all cases [39] . As regards, with increasing nanofluid volume fraction its viscosity is increased. So obtained results confirm that, nanofluid with 7% volume fraction has maximum amount of pressure drop. So that, in the straight tube with circular crosssection, pressure drop of nanofluid with 7% volume fraction is about 15% more than pure water. Also, it can be observed that, spiral-shaped tubes make greater pressure drop than straight tubes, at constant volume fraction [14] . In spiral-shaped tubes centrifugal force needs excessive energy to conquest wall friction and to create secondary flow. So, more pumping power is required. The maximum and the minimum pressure drop along the tube are related to the helical and straight geometry respectively. As it is clear, pressure drop is increased with increment of Re. Changes of pressure drop by taking specified geometry with various sections for different Re have been illustrated in Figure 10 . In all of spiral, helical and straight tubes, tube with rectangular and circular section has the highest and the lowest pressure drop along the tube, respectively. Straight tube with rectangular section makes pressure drop about 51% more than circular section (at Re=200). Also, increment of Re increases pressure drop, so that at Re=400 pressure drop is 75% more than Re=100 in a straight tube with circular section.
Changes of average heat transfer coefficient in tube with different sections and different Re have been shown in Figure  11 . Relative motions of nanoparticles near the wall, increases the rate of heat transfer from the wall to the fluid [40] . This means, as the results demonstrate increment of volume fraction enhances heat transfer coefficient and subsequently heat transfer rate is increased. For instance, in straight tube with circular section, average heat transfer coefficient of pure water (VF=0) at Re=200 is 14% less than fluid with volume fraction of 7%. Because of high thermal conductivity of nanoparticles which augments fluid thermal conductivity [19] . Also, it is worth mentioning, helical tube in all sections has higher average heat transfer coefficient than spiral and straight tubes. The average heat transfer coefficient in circular helical tube is 60% higher than circular straight tube when Re= 200 and VF=3%. This means, curvature in tubes play significant role in heat transfer rate of tubes. The average heat transfer coefficients of helical and spiral tubes with square section are close. For example, the average heat transfer coefficient of spiral tube at Re=400 is 1% higher than helical tube. Changes of average heat transfer coefficient based on different Re have been shown in Figure 12 for helical, straight and spiral tubes. According to the obtained results, among all geometries and sections tube with rectangular section has higher average heat transfer coefficient and, of course higher heat transfer rate. For instance, average heat transfer coefficient of rectangular straight tube is 25% greater than straight tube with square section if Re=200 and VF=3%. Also, among different geometries and for different Re, tube with square section has lower average heat transfer coefficient. Thermal boundary layer thickness and thermal resistance is diminished with increasing of Re [41] . Thus, the amount of average heat transfer coefficient is increased. For better understanding, average heat transfer coefficient of circular straight tube in Re=400 is 19% more than when Re=100.
In order to evaluate the effect of heat transfer rate and pressure drop simultaneously, FOM parameter has been investigated for each sections of all geometries according to the study of Sasmito [14] . Where, related values have been provided in Table 4 . According to the results, the value of FOM in straight tube is greater than spiral and helical tubes. Which means, straight tubes create lower pressure drop than the spiral-shaped tubes (curved tubes). In simple terms, here is a competition between the amount of augmented heat transfer and the amount of pressure drop. Although spiral and helical tubes have higher heat transfer rate than straight tubes, they have higher pressure drop too. So, in curved tubes, more pumping power is required. Among all types of sections, although triangular and rectangular tubes have higher heat transfer rate, but they lead to lower values of FOM due to high pressure drop. Circular and square are such sections which have maximum FOM. 
CONCLUSION
The main aim of this study is numerical investigation on the heat transfer of the incompressible laminar flow with applying nanoparticles in tubes with different geometries. Different volume fractions of water-Al2O3 nanofluid was passed through spiral, helical and straight tube with circular, triangular, square and rectangular sections at different Re. with adding nanoparticles into water, reaching length of fluid temperature to the wall temperature is reduced and in VF=7% this length is minimum. Adding nanoparticles into base fluid increases pressure drop in all of geometries and sections. Also, at constant volume fraction, helical geometry has maximum pressure drop while straight tube makes minimum pressure drop. With increasing Re, pressure drop is ascended in all cases. In the all of helical, spiral and straight geometries, rectangular tube and circular tube has maximum and minimum pressure drop respectively.
In all of studied volume fractions and sections, Average heat transfer coefficient of helical tube is greater than straight and spiral tubes. Also, by considering all of Re and geometries, tube with square cross-section has minimum average heat transfer coefficient. It should be noted that, with increasing Re in all geometries, volume fractions and sections, the value of average heat transfer coefficient is increased.
As a general conclusion, although spiral and helical tubes have reasonable thermal performance, they make lower FOM than straight tubes due to higher pressure drop. Aforesaid phenomenon is valid for tubes with triangular and rectangular tubes.
